The endosperm and embryo originate from the fertilized central cell and egg cell through a programmed series of cell division and differentiation events. Characterization of more vital genes involved in endosperm and embryo development can help us to understand the regulatory mechanism in more depth. In this study, we found that loss of NAA10 and NAA15, the catalytic and auxiliary subunits of Arabidopsis thaliana N-terminal acetyltransferase A (AtNatA), respectively, led to severely delayed and incomplete endosperm cellularization, accompanied by disordered cell division in the early embryo. Studies on the marker genes/lines of the endosperm (AGL62-GFP, pDD19::GFP, pDD22::NLS-GFP and N9185) and embryo (STM, FIL, SCR and WOX5) in naa10/naa15 mutants showed that expression patterns of these markers were significantly affected, which were tightly associated with the defective feature of endosperm cellularization and embryo cell differentiation. Subsequently, embryonic complementation rescued the abortive embryos, but failed to initiate endosperm cellularization properly, further confirming the essential role of AtNatA in both endosperm and embryo development. Moreover, repression of AGL62 in naa10 and naa15 restored the endosperm cellularization, suggesting that NAA10/ NAA15 functions in initiation of endosperm cellularization by inhibiting the expression of AGL62 in Arabidopsis. Therefore, NAA10 and NAA15 could be considered as crucial factors involved in promoting endosperm cellularization in Arabidopsis.
Introduction
Seed development in flowering plants involves two pairs of male and female gametes, a process known as double fertilization, resulting in the formation of a fertilized egg cell and fertilized central cell (Hamamura et al. 2012 , Dresselhaus et al. 2016 ). Then these two products develop into the embryo and endosperm, which make up the main components of mature seeds (Bleckmann et al. 2014) . In Arabidopsis, the single zygote undergoes a series of programmed cell divisions to form the mature embryo, making it a good model to understand how developmental processes involved in cell differentiation are regulated (Lau et al. 2012 , ten Hove et al. 2015 . Decades of study on Arabidopsis embryogenesis have revealed that this precisely controlled process is modulated by a complicated network of gene expression, where approximately 1,000 genes are predicted to play crucial roles during Arabidopsis embryo development (Meinke et al. 2008, Lloyd and Meinke 2012.) . Through the isolation of embryo-defective (emb) mutants, a large number of essential genes have been identified, and many of them function in basic cellular processes such as DNA, RNA and protein synthesis (Tzafrir et al. 2004 , Devic 2008 . Although some of the molecular factors that regulate embryo patterning have been characterized (Jeong et al. 2011 , Costa et al. 2014 , Crawford et al. 2015 , functional dissection of more unknown, yet essential, genes will deepen our understanding of the molecular mechanisms underlying embryogenesis.
The endosperm is an essential nutritive tissue supporting embryo growth in most angiosperms (Costa et al. 2004 ). In general, endosperm development in Arabidopsis can be divided into two main phases: first coenocytic and then cellular. In the beginning, a central cell is fertilized with a male gamete to form the primary endosperm cell, which then undergoes several rounds of nuclear division without cytokinesis. This process gives rise to the coenocyte, a large multinucleated cell that facilitates rapid seed growth (Daubenmire 1936 , BoisnardLorig et al. 2001 , Berger et al. 2006 ). In the next phase, endosperm cellularization occurs at a defined time point when the embryo enters the transition stage (Berger 2003) . During this process, cell wall formation is accomplished through a special, separate round of cytokinesis that produces the syncytial-type cell plate (Liu et al. 2002 , Olsen 2004 . The successful interaction between both fertilization products is required for their development and seed formation (Hehenberger et al. 2012, LafonPlacette and Köhler 2014) . It has been demonstrated that endosperm cellularization is important for embryogenesis in Arabidopsis mutants of endosperm-specific FERTILIZATION INDEPENDENT SEED (FIS) Polycomb Group (PcG) genes. The fis mutants fail to initiate endosperm cellularization, and cause the embryo to be arrested at the heart stage (Luo et al. 2000 , Ingouff et al. 2005 . Another major regulator of endosperm cellularization is the type I MADS-box transcription factor AGAMOUS-LIKE 62 (AGL62), which is specifically expressed in the endosperm-free nuclei (Kang et al. 2008) . The agl62 null mutants display precocious endosperm cellularization at early stages of seed development (Kang et al. 2008 , Kradolfer et al. 2013 , while increased AGL62 expression is associated with delayed or complete absence of cellularization (Erilova et al. 2009 , Tiwari et al. 2010 , indicating that AGL62 plays a negative role in endosperm cellularization.
N-terminal acetylation (NTA) is one of the most abundant protein modifications in eukaryotes; >80% of soluble proteins in human and Arabidopsis receive an acetyl group at their Nterminus (Bienvenut et al. 2012) . The NTA process is catalyzed by N-terminal acetyltransferases (NATs), which transfer an acetyl group from acetyl-CoA to the N-terminus of nascent polypeptides. To date, seven eukaryotic NATs (NatA-NatG) have been characterized (Van Damme et al. 2011 , Dinh et al. 2015 , Aksnes et al. 2016 . NatA is the main enzyme complex which modifies approximately half of N-terminal acetylated proteins (Arnesen et al. 2009 ). The NatA complex consists of an Na-acetyltransferase 10 (NAA10) catalytic subunit and an NAA15 auxiliary subunit, with specificity towards A-, S-, T-, V-, C-and sometimes G-starting N-termini of polypeptides after the initiator methionine (iMet) been removed.
It has been reported that the two subunits of the NatA complex in human may play important roles in cell proliferation, and possibly be involved in tumor occurrence and aggressiveness of cancer cells. Knockdown of hNAA10 (also named ARD1 in human, Arrest defective 1) induced cell apoptosis and the cell cycle was arrested at the G 0 -G 1 phase (Arnesen et al. 2006 , Gromyko et al. 2010 . Alternatively, overexpression of NAA10 in breast cancer cells increased cell proliferation by accelerating the passage of cells through the G 1 /S and G 2 /M cell cycle checkpoints (Yu et al. 2009 ). Recent studies have reported on the characterization and functional analysis of the NatA complex in higher plants. The Arabidopsis NatA is also comprised of a catalytic subunit NAA10 and auxiliary subunit NAA15, which interact with each other in a similar manner in yeast and human. Down-regulation of either NatA subunit resulted in retarded growth and increased drought tolerance through the induction of ABA-mediated stress responses, accompanied by an increased level of free protein N-termini . A second study revealed that the plant immune receptor Suppressor of NPR1, Constitutive 1 (SNC1) can be acetylated by NatA at its first methionine residue, which serves as a degradation signal to destabilize SNC1 . A point mutation in NAA15 results in dwarfed plants that exhibit overaccumulated SNC1 and increased resistance to virulent Hyaloperonospora arabidopsidis Noco2 and Pseudomonas syringae pv. maculicola ES4326, suggesting that NatA plays an important role in plant immunity.
In a recent report, the NatA complex was found to be required for embryogenesis in Arabidopsis. Deletion of NAA10 and NAA15 led to a defective embryo, and disturbed auxin distribution and response (Feng et al. 2016) . Nevertheless, whether NAA10 and NAA15 are involved in endosperm development remains unknown, and how embryo patterning is affected in naa10 and naa15 mutants needs to be investigated. Here, we report a comprehensive functional characterization of Arabidopsis NAA10 and NAA15 in pollen, embryo and endosperm development, with an emphasis on endosperm cellularization. Using embryo-and endosperm-specific markers, we found that expression patterns of many marker genes were significantly affected in naa10 and naa15 mutants, which were tightly associated with the severe defects in endosperm cellularization and embryo cell differentiation. Among these genes, the expression of AGL62 was prolonged in naa10-1 and naa15-1 endosperm, and repression of AGL62 in naa10-1 and naa15-1 mutants restored the endosperm cellularization; these results supported the hypothesis that NAA10 and NAA15 may function in initiating the cellularization process of the endosperm by inhibiting the expression of AGL62 in Arabidopsis.
Results
Disruption of the NatA complex leads to aborted seed and impaired pollen tube growth Three independent T-DNA insertion mutants of NAA10 and NAA15 were obtained from the Arabidopsis Biological Resource Center, and the insertions in naa10-1 (CS850295), naa15-1 (CS836292) and naa15-3 (CS24056) were verified by genomic PCR and sequencing ( Supplementary Fig. S1A , E) . Genotypic analysis of naa10-1, naa15-1 and naa15-3 progeny (n >100 per line) showed that no homozygous progeny were produced, and none of the heterozygous plants exhibited any vegetative developmental defects. Further phenotypic analysis identified that a portion of seeds in the mature siliques were white ( Supplementary Fig. S1B , C, F-H): 19.8% in naa10-1/ + (n = 1,983), 17.7% in naa15-1/+ (n = 2,118) and 16.9% in naa15-3/+ (n = 1,492), compared with 0.84% in the wild type (n = 2,389); these white seeds then became brown and wrinkled during further development. This finding suggests that null mutation of NAA10 and NAA15 causes seed abortion in Arabidopsis.
Genetic complementation was employed to test whether the full-length genomic sequence of NAA10/NAA15 could rescue the white seed phenotype in corresponding mutants. Genomic fragments of NAA10/NAA15, including the open reading frame and promoter sequences, were introduced into each of the three mutants (naa10-1/+, naa15-1/+ and naa15-3/ +). PCR screening and phenotypic analysis of the T 2 progeny showed that homozygous naa10 and naa15 mutants displayed a similar frequency of aborted seeds to the wild type: 0.94% in naa10-1 complemented plants (n = 1,911) and 1.02% in naa10-1 complemented plants (n = 1,764) ( Supplementary Fig. S1D, I ). These results confirmed that NAA10 and NAA15 were responsible for the seed lethality phenotype observed in the mutants, indicating that these two genes are essential for seed development in Arabidopsis.
Since the percentage of aborted seeds in the three mutants was significantly lower than the expected value of 25%, the classical ratio of embryo-lethal mutants, additional genetic analysis was performed on naa10-1/+ and naa15-1/+ lines to investigate gametophyte sterility. Progeny of self-pollinated naa10-1/+ and naa15-1/+ plants did not segregate in a 2:1 ratio of BASTA resistant to BASTA sensitive (Supplementary Table S1 ), indicating that genetic transmission through the gametophytes was impaired (Johnson-Brousseau and McCormick 2004) . We then performed reciprocal crosses with naa10-1/+ and naa15-1/+ to wild-type plants; the results showed that the transmission efficiency of female gametophytes was normal, but the transmission efficiency of male gametophytes decreased to only 44.7% and 23.0%, respectively (Supplementary Table S1 ). These data demonstrated that severe male genetic defects are present in naa10-1/+ and naa15-1/+ mutants.
To assess pollen viability in the naa10-1 and naa15-1 mutants, I 2 -KI staining was used to observe the pollen morphology and no obvious difference was found between the wild type and naa10-1/naa15-1 mutants ( Supplementary Fig. S3 ). Then pollen from wild-type and heterozygous naa10-1/naa15-1 mutant plants was cultivated in vitro, and pollen germination and pollen tube growth were analyzed ( Supplementary Fig. S4 ). After cultivation for 24 h in vitro, approximately 80% of the wild-type pollen germinated, while the germination rates of naa10-1/+ and naa15-1/+ decreased significantly to 39.5% and 32.7%, respectively ( Supplementary Fig. S5F ). Further, the average length of pollen tubes was also reduced in the mutants ( Supplementary Fig. S5A -E). These findings suggested that the naa10 and naa15 mutations severely impaired pollen germination and tube growth. If this is the case, the apical half of mutant siliques should display a relatively higher percentage of aborted seeds than the expected 50% (Meinke 1982, Yamaoka and Leaver 2008) . Indeed, 65.1% and 65.7% of the aborted seeds were located in the apical half of naa10-1 (n = 393) and naa15-1 (n = 376) siliques (Supplementary Fig.  S1C , G, H).
Endosperm cellularization and embryo cell differentiation fail to progress normally in the naa10 and naa15 mutants To investigate how seed abortion occurred in naa10 and naa15 heterozygous mutants, we examined the endosperm and embryo development in wild-type, naa10-1/+ and naa15-1/ + plants. Previous work has revealed that endosperm cellularization defines an important developmental transition for embryo development (Hehenberger et al. 2012) . In general, the cellularization of syncytial endosperm was initiated when the embryo development reached the transition stage, and was nearly accomplished in seed at 5 days after pollination (DAP) containing a heart stage embryo (Fig. 1A) . However, naa10-1 and naa15-1 endosperm remained at the free nuclei stage, and did not form cell walls in seeds at 5 DAP (Fig. 1B, C) . Observation of endosperm autofluorescence also showed that endosperm cell walls were clearly present in seeds of the wild type at 5 DAP (Fig. 1D ), but were undetectable in naa10 and naa15 seeds at the same time (Fig. 1E, F) , demonstrating that endosperm cellularization was not correctly initiated and accomplished in the two mutants. The endosperm of the wild-type was completely cellularized, then gradually absorbed by the developing embryo in seeds from 6 DAP to 8 DAP ( Supplementary Fig. S6A , B), while a large region of endosperm in naa10 and naa15 seeds at 8 DAP was still occupied by the central vacuole; thus the endosperm cellularization was severely delayed and incomplete ( Supplementary Fig. S6C, D) . These results confirmed that correct initiation of endosperm cellularization was blocked in the absence of AtNAA10 and AtNAA15.
The ovule clearing revealed that the morphological development of naa10-1 and naa15-1 embryos showed no obvious differences prior to the 8-cell stage compared with the wild type ( Supplementary Fig. S2A , F, K). The majority of wild-type embryos at 3 DAP reached the globular or transition stage, and few embryos remained before the 16-cell stage, while a portion of the naa10-1/+ and naa15-1/+ mutant embryos were stalled at 2/4-cell, 8-cell and 16-cell stages (Supplementary Table S2 ), which indicated the embryo developmental progress in naa10 and naa15 was later than in the wild type. Subsequently, disordered cell division patterns were observed in the mutant embryos. In wild-type plants, all cells of the 8-cell embryos undergo a tangential division, leading to the generation of eight inner cells and eight outer cells ( Supplementary Fig.  S2D , E). However, the orientation of cell division in naa10-1 and naa15-1 embryos did not follow the correct patterns, and transverse, oblique and other misaligned divisions were frequently observed ( Supplementary Fig. S2G -J, L-O). Once wild-type embryos reached the heart stage, the mutant embryos displayed abnormal cell division and shape alterations ( Supplementary Fig. S2C , H, M). These results showed that mutations in NAA10 and NAA15 independently led to a delay in embryo cell division before the 8-cell stage, and the pattern of embryo cell division was disordered after the 8-cell stage; thus the mutant embryos were unable to develop beyond the globular stage. Therefore, it is quite clear that the Arabidopsis NatA complex, comprised of NAA10 and NAA15, is required for endosperm cellularization and embryo morphogenesis.
Mutations of NAA10 and NAA15 perturb temporal expression of endosperm markers
To analyze further the defective feature and probable mechanism of endosperm cellularization in the naa10-1 and naa15-1 mutants, we examined the expression patterns of marker genes that are known to be specifically distributed in endosperm cells during seed development. The type I MADS-box transcription factor AGL62 is a major negative regulator of endosperm cellularization in Arabidopsis, exclusively expressed in endosperm free nuclei during the syncytial phase, and then declines abruptly just before the cellularization of endosperm free nuclei when the embryo develop up to the late globular stage (Kang et al. 2008 ). In the wild type, we found that the AGL62-GFP signal was detected in endosperm free nuclei in 1 DAP and 2 DAP ovules, then disappeared at 3 DAP ( Fig. 2A-C) , this result was in agreement with the finding that endosperm cellularization occurs when embryo development reaches the globular stage at 3 DAP. Interestingly, the expression pattern of AGL62-GFP in 1 DAP and 2 DAP ovules of naa10-1 and naa15-1 was identical to that of the wild type, but GFP (green fluorescent protein) fluorescence was also present in 3 DAP ovules ( Fig. 2D, E) , which meant that the expression of AGL62 did not disappear at the programmed time, further confirming the endosperm cellularization defects at the molecular level.
More endosperm markers were analyzed in the naa10-1 and naa15-1 backgrounds, and the results were consistent with those of AGL62-GFP. The DD (downregulated in dif1) genes were first identified as a large collection of genes which are expressed in specific cells of Arabidopsis female gametophytes, and some DD genes also exhibited expression in the endosperm during seed development (Steffen et al. 2007 ). In wild-type plants, DD22 and DD19 were expressed in the non-cellularized endosperm of ovules at 1 DAP and 2 DAP, then disappeared at 3 DAP ( Fig. 2F-H ; K-M), which was a similar pattern to AGL62 expression ( Fig. 2A-C) . We found that DD22 and DD19 were still expressed in the 3 DAP ovules of naa10-1 and naa15-1 mutants (Fig. 2I, J, N, O) , indicating that the absence of NAA10 and NAA15 might prolong the expression of DD22 and DD19 genes during endosperm development. In addition, we examined another two DD genes, DD36 and DD65, in the wild type and the naa10-1 mutant. DD36 was expressed in all ovules prior to 4 DAP, and disappeared in ovules at 4 DAP ( Supplementary Fig. S7A-D) ; DD65 was strongly expressed in the ovule at 1 DAP, then disappeared in ovules at 2-4 DAP ( Supplementary Fig. S7E-H) . Therefore, DD36 and DD65 expression showed no differences between wild-type and naa10-1 embryos, indicating that these markers are not suitable for probing differences in endosperm cellularization in Arabidopsis.
The enhancer trap line N9185 features an mGFP5 activity which can be detected in the endosperm surrounding the embryo after the transition stage, and this specific expression persists in the cellularized endosperm region throughout embryo maturation (Ingouff et al. 2005) . Compared with the wild type ( Fig. 2P-R) , no N9185 signal was observed in the embryo-surrounding region (ESR) of naa10-1 and naa15-1 seeds (Fig. 2S, T) , indicating that differentiation of endosperm cells in the ESR was aborted due to the mutations of NAA10 and NAA15. Taken together, analyses of endosperm markers indicated that NAA10 and NAA15 are required for promoting endosperm cellularization and suppressing the functions of endosperm-specific gene products during seed development.
Embryo patterning is disrupted in naa10-1 and naa15-1 mutants Obvious morphological defects were present in naa10-1 and naa15-1 embryos, and particularly affected the specification of the cotyledon, shoot apical meristem (SAM) and hypocotyl tissues. To better understand the patterning defects in naa10-1 and naa15-1 embryos, we investigated the expression patterns of several important genes known to delineate cell fate decisions in Arabidopsis embryos using fluorescent markers.
The YABBY gene FILAMENTOUS FLOWER (FIL) is specifically expressed on the abaxial side of embryo cotyledon primordia (Siegfried et al. 1999 ). The naa10-1 and naa15-1 embryos do not form cotyledons; therefore, we examined the FIL expression to determine whether this phenotype was due to defects in cotyledon organogenesis. In wild-type embryos, the expression of FIL (pFIL::dsRED-N7) was restricted to peripheral domains of the two developing cotyledons in the apical regions of embryos after the transition stage (Fig. 3A, B) . However, almost no or only one cell displayed red fluorescence in naa10-1 and naa15-1 embryos when the wild-type embryo had developed to the heart stage at the same time, and it was ectopically distributed in an unusual position in the embryos (Fig. 3C, D) . This result suggested that loss of NAA10 and NAA15 resulted in aberrant FIL expression and defective cotyledon formation.
Shoot meristem formation is initiated between the two outgrowing cotyledon primordia of embryos during the transition period. SHOOT MERISTEMLESS (STM) is a well-studied gene that is specifically expressed in shoot meristems, and required for meristem function (Long and Barton 1998) . pSTM::STM-VENUS (Heisler et al. 2005 ) was used to examine its expression in wild-type, naa10-1 and naa15-1 embryos. Yellow fluorescent protein (YFP) signals were observed in the central apical region of wild-type embryos at the transition stage, but not during the globular stage (Fig. 3E, F) . However, YFP fluorescence was not present in any of the mutant embryos (Fig. 3G, H) , indicating that STM expression could not be activated during embryogenesis in naa10-1 and naa15-1 mutants.
We also investigated the expression of SCARECROW (SCR), which encodes a GRAS transcription factor that is only expressed in the endodermal cell layer (Wysocka-Diller et al. 2000) . pSCR::H2B-YFP (Heidstra et al. 2004 ) was introduced into naa10-1 and naa15-1. The results showed that YFP expression driven by the SCR promoter was detected in the endodermal cells located at the central and basal domains of wild-type embryos (Fig. 3I, J) . However, in mutant embryos, YFP was detected in only one or a few cells, indicating that the number of endodermal cells was dramatically decreased. Further, fluorescent cells were not located in the lower region, but were only present in the upper part of mutant embryos (Fig. 3K, L) , hinting that pattern formation of the central embryo region was disrupted.
In Arabidopsis, WOX5 (WUSCHEL-LIKE HOMEOBOX5) is expressed specifically in the quiescent center (QC) of the root meristem and is involved in the maintenance of root stem cells (Sarkar et al. 2007 . GFP driven by the WOX5 promoter (pWOX5::GFP) was used to examine the expression pattern of WOX5 in roots and embryos (Haecker et al. 2004 , Blilou et al. 2005 . Introduction of pWOX5::GFP into the naa10-1 and naa15-1 mutants showed that WOX5 expression was not present in the basal region, but GFP florescence was observed in the upper parts of naa10-1 and naa15-1 embryos ( Fig. 3M-P) . Taken together, analysis of SCR and WOX5 expression indicated that proper formation of the endodermis and QC during embryogenesis was faulty in the naa10-1 and naa15-1 mutants. These data suggested that NAA10 and NAA15 are necessary for hypocotyl formation of the central domain and for establishment of the embryonic root.
Embryonic complementation can rescue aborted embryos in naa10-1 and naa15-1 but fails to restore endosperm cellularization Our data suggest that NAA10 and NAA15 play essential roles in embryo and endosperm development. Mutation in either gene results in disturbed embryo morphogenesis and patterning; the cellularization process of endosperm nuclei is ablated, leading to seed abortion. To determine whether or not there is a relationship between the function of NAA10/NAA15 in embryo and endosperm development, we performed complementation experiments using the embryo-specific promoter ABI3 (ABSCISIC ACID INSENSITIVE3). Previous studies showed that ABI3 is expressed in the embryo and silenced in the endosperm during seed development (Finkelstein et al. 2008 , Candela et al. 2011 . After transforming the naa10-1/+ and naa15-1/+ mutants with pABI3::NAA10-GFP and pABI3::NAA15-GFP, respectively, homologous transgenic lines were obtained (ABI3::NAA10;naa10/ + and ABI3::NAA15;naa15-1/+) and used for subsequent analyses. Ovule clearing and fluorescence observation of these lines showed that embryo defects of naa10-1 and naa15-1 could be partially compensated and they could develop beyond the globular stage and then differentiate the main tissues and organ primordia such as cotyledons and hypocotyls (Fig. 4A-C, F-H) , but the blocked cellularization process still failed to be recovered at 5 DAP (Fig. 4E, J) . When the wild-type embryos reached the torpedo stage, the complemented embryos remained in a stretched heart shape ( Fig. 4D, I ). The embryo bodies were longitudinally elongated, but the cotyledons appeared almost normal, which may be due to increased horizontal cell divisions in the lower tier of the embryo proper. Our results showed that complementation of mutants by the ABI3 promoter could rescue the aborted embryogenesis phenotypes but was unable to restore the endosperm cellularization defects in naa10 and naa15, suggesting that both endosperm and embryo development are simultaneously controlled by the NatA complex.
When NAA10 and NAA15 expression was driven by the ABI3 promoter, defective embryo development in the mutants was restored; thus we evaluated the subcellular localization of these two proteins in pABI3::NAA10-GFP and pABI3::NAA15-GFP transgenic plants. In wild-type heart embryos, the GFP signals were distributed in the cytoplasm, and clearly absent in nuclei ( Supplementary Fig. S8A, B, E, F) . In pABI3 complemented embryos, the same localization patterns were observed ( Supplementary Fig. S8C, D, G, H) . Our results were consistent with previous studies in transgenic tobacco leaf cells and Arabidopsis root cells , Feng et al. 2016 , confirming their biochemical role in protein NTA.
The NatA complex is required for post-embryonic development
After seed germination, ABI3 expression quickly decreases in seedlings, and soon becomes inactive in grown vegetative tissues (Bassel et al. 2006 , Finkelstein et al. 2008 . We decided to evaluate whether the transgenic seeds rescued by pABI3 complementation were able to germinate and develop into seedlings. Homozygous transgenic seeds of the naa10-1 and naa15-1 background were plated onto 1/2 Murashige and Skoog (MS) medium; a portion of abnormal seedlings which displayed obvious slow growth were identified in the progeny of the naa10-1/+ ABI3::NAA10 (11.3%, n = 1,228) and naa15-1/ + ABI3::NAA15 (12.4%, n = 1,409) lines. At 14 days after germination (DAG), the second pair of true leaves had developed in wild-type seedlings; however, they could not be initiated in abnormal seedlings. In addition, the roots of partially complemented seedlings were significantly shorter compared with those of the wild-type plants (Fig. 4K) . After 2 weeks, these abnormal seedlings were transplanted to soil, but were unable to grow, and eventually died. Genotyping analyses demonstrated that the NAA10 or NAA15 mutations were homozygous at the corresponding gene locus in these abnormal seedlings ( Supplementary Fig. S8A, B) . We also used quantitative realtime PCR (qRT-PCR) to evaluate gene expression levels of NAA10 and NAA15 in the complemented seedlings at 14 DAG. As expected, we found that both genes were significantly down-regulated in naa10-1/-ABI3::NAA10 and naa15-1/-ABI3::NAA15 seedlings compared with the wild type (Fig. 4L) . The result showed that down-regulation of either the catalytic or auxiliary subunit of NatA could also cause decreased abundance of the other subunit, consistent with previous research in NAA10 and NAA15 knock-down plants , indicating that an unknown regulatory mechanism mediates expression of both subunits of the NatA complex. Taken together, the inactivity of the ABI3 promoter after seed germination resulted in growth defects of leaves and roots in the naa10-1/-ABI3::NAA10 and naa15-1/-ABI3::NAA15 seedlings, which might be due to the down-regulation of NAA10 and NAA15 genes. Therefore, our data suggest that the NatA complex in Arabidopsis is not only required for seed formation but is also involved in post-embryonic development, and this importance may be related to the various molecular functions of protein NTA (Arnesen 2011 , Aksnes et al. 2016 ).
Repression of AGL62 restores cellularization in naa10 and naa15 endosperm Arabidopsis AGL62 is a major negative regulator of endosperm cellularization; its expression abruptly disappears just before endosperm cellularization, and loss of function of AGL62 leads to precocious endosperm cellularization (Kang et al. 2008 , Hehenberger et al. 2012 . In this study, we observed prolonged AGL62 expression during endosperm development in the naa10-1 and naa15-1 mutants ( Fig. 2A-E) , suggesting that the blocked cellularization might result from ectopic AGL62 expression in naa10 and naa15 endosperm. We generated naa10-1/+;agl62-2/+ and naa15-1/+;agl62-2/+ double mutants to test the hypothesis that the agl62 mutation could suppress the endosperm phenotype in naa10 and naa15 mutants. In the single agl62/+ mutant, approximately 25% of the seeds in the siliques were aborted at a very early stage, resulting in undeveloped seeds (Kang et al. 2008 ). In naa10-1/+;agl62-2/ + double mutants, two kinds of abnormal seeds could be recognized: 25.2% early arresting seeds and 13.8% white seeds ( Fig. 5A, B ; n = 654). The ratio of early arresting seeds was close to the value observed in agl62-2/+, but the ratio of albino seeds was lower than in the naa10-1/+ mutant. We deduced that the seeds containing naa10/-;agl62/-embryo and endosperm were indistinguishable from agl62/-seeds, revealing that agl62 is genetically epistatic over naa10. Next, endosperm cellularization of white seeds in siliques of naa10-1/+;agl62-2/+ double mutants was analyzed; the cellularization process was restored in 36.9% of these seeds at 5 DAP ( Fig. 5C-J) , indicating that reduced dosage of AGL62 could suppress the naa10-1 mutant phenotype. Endosperm cellularization was also restored in naa15-1/+;agl62-2/+ double mutants ( Fig. 5K-N) . Considering these data combined with the previous observation that AGL62 expression was prolonged in naa10-1 and naa15-1 endosperm, we hypothesized that NatA functions in initiation of the endosperm cellularization process through inhibition of AGL62 expression in Arabidopsis.
Expression patterns of NAA10 and NAA15 in tissues and organs
Gene expression analysis showed that NAA10 and NAA15 displayed similar expression patterns, and their relative expression levels were most abundant in inflorescences and flower buds ( Supplementary Fig. S10A, B) . To detect further the spatial expression patterns of these two genes, we generated pNAA10::GUS, pNAA15::GUS, pNAA10::NAA10-GFP and pNAA15::NAA15-GFP transgenic plants. In seedlings at 7 DAG, b-glucuronidase (GUS) staining was clearly observed in shoot meristems, hypocotyls, roots, cotyledons and the veins of mature leaves (Fig. 6A-D) . In inflorescences, GUS signals were detected in sepals, petals, stigmas and the base of peduncles attached to the main stems ( Fig. 6E-H) . Upon further analysis, GUS activity and GFP fluorescence were detected at the chalazal pole of seeds, which separates the endosperm from the vascular elements of the funiculus ( Fig. 6I-P) , while no obvious fluorescence signals were detected in the embryos isolated from pNAA10::NAA10-GFP and pNAA15::NAA15-GFP transgenic plants ( Supplementary Fig. S11 ). The synthetic DR5 promoter is made up of 7-9 copies of TGTCTC AuxRE repeats, and marks sites of auxin responses by activating downstream reporters (Liao et al. 2015) . A previous study reported that the expression of DR5::VENUS is strongly distributed in the chalazal pole of seeds (Figueiredo et al. 2016) . We also identified TGTCTC elements in the promoter regions of NAA10 and NAA15 ( Supplementary Fig. S10C) ; therefore, this might account for the localized expression of NAA10 and NAA15 in the seeds.
Discussion
AtNAA10 and AtNAA15 function simultaneously in endosperm and embryo development
In Arabidopsis, the different developmental directions of the embryo and endosperm are determined by distinct regulatory mechanisms, while several genes are identified as essential for both processes (Holdorf et al. 2013 , He et al. 2017 ). Here we showed that loss of function of Arabidopsis NAA10 and NAA15 genes leads to severe defects in of both endosperm cellularization and embryo cell differentiation ( Fig. 1; Supplementary Fig. S2 ), which revealed the essential role of the NatA complex in both embryo and endosperm development. Until now, several Arabidopsis mutants have been isolated with defects in embryo development, but whether these genes also participated in endosperm development has been little investigated.
In this study, we selected several marker lines to analyze the regulatory mechanism of NAA10 and NAA15 in Arabidopsis endosperm and embryo development. Our results indicated that their expression patterns appeared to be significantly affected (Figs. 2, 3) , thus NAA10 and NAA15 function in both embryo and endosperm development through maintaining the proper expression of different regulatory genes. Moreover, embryonic complementation rescued the embryo abortion phenotype, but still failed to initiate endosperm cellularization correctly (Fig. 4) . These data indicated that the delayed and incomplete endosperm cellularization in naa10 and naa15 mutants was not induced by the defective embryos, but was due rather to the loss of function of AtNatA in the endosperm itself. Furthermore, crossing agl62-2 with naa10 and naa15 mutants restored the initiation of endosperm cellularization; however, the embryo defects were not complemented (Fig. 5) . This suggested that the embryo defects in naa10 and naa15 mutants were probably not caused by the delayed endosperm cellularization, but were due to the loss of NatA activity in embryos. Taken together, these data confirmed that NAA10 and NAA15 function simultaneously in both endosperm and embryo development. Although no obvious expression of NAA10/NAA15 has been observed in the endosperm or embryo tissues of the pNAA10::NAA10-GFP and pNAA15::NAA15-GFP transgenic plants ( Supplementary Fig. S11 ), the defective embryo development in the mutants was restored by the expression of NAA10 and NAA15 driven by the ABI3 promoter (Fig. 4) ; therefore, it was believed that the NAA10 and NAA15 proteins might perform important functions in embryo development. Also, the promoters of NAA10 and NAA15 adopted in this experiment were effective, which was confirmed by the complementation assay ( Supplementary Figs. S1, S10C ). We speculated that it was possible that NAA10/NAA15 at the chalazal pole of integuments could function in the auxin distribution in seeds, and thus participate in embryo and endosperm development. The NatA complex functions in a variety of physiological and developmental processes NTA is one of the most common protein modifications which exists in eukaryotes, and this modification affects the molecular consequence of the substrates in several different ways, including half-life regulation, protein-protein and protein-membrane interactions, subcellular localization, and protein folding and aggregation (Starheim et al. 2012 . NTA deficiency will limit both the cellular and physiological function of different proteins, and thus impacts a variety of biological processes. In yeast, growth defects in sensitive environments are induced by the lack of N-acetylation of numerous proteins, including Orc1p and Sir3p (Geissenhoner et al. 2004 , Wang et al. 2004 . In human species, NatA acetylates and activates b-catenin in lung cancer cells, thereby promoting cell proliferation (Lim et al. 2006) . The characterization of hNaa10-S37P-affected NTA substrates verified that THOC7, which is implicated in the coupling of transcription and mRNA processing (Masuda et al. 2005) , displayed an obvious decrease in protein half-life . In addition, knockdown of NatA was also connected to Huntington's disease through aggregation of the polyQ Huntingtin protein ). These studies demonstrate that the NatA complex functions in a variety of physiological processes by acetylating numerous and diverse substrates.
Arabidopsis NatA has been shown to acetylate the N-terminus of the plant immune receptor SNC1, and Ac-Met probably acts as an Ac/N-degron to destabilize SNC1 . Furthermore, NatA was found to impact drought tolerance via the ABA-mediated signaling pathway, suggesting that NTA by NatA may be a molecular switch involved in the control of cellular stress responses . Our study showed that NatA functions in reproductive development; both subunits are critical for embryo and endosperm behavior. Null mutations in either NAA10 or NAA15 in Arabidopsis disturbed endosperm cellularization and embryo cell differentiation ( Fig. 1; Supplementary Fig. S2 ). We speculated that these multiple defects in naa10/naa15 mutants were caused by the dysfunction of NatA substrates due to NTA deficiency. Our analyses of endosperm and embryo markers showed that many specific genes were misexpressed in naa10 and naa15 seeds, including AGL62, DD19 and DD22 in the endosperm and STM, FIL, SCR and WOX5 in the embryo (Figs. 2, 3) . However, it remains unclear whether the observed changes in gene expression are caused directly or indirectly by mutation of NatA subunits. Taken together, our data support the hypothesis that the Arabidopsis NatA activity is involved in embryo and endosperm development by catalyzing NTA of many important proteins.
The NatA complex participates in endosperm cellularization through the AGL62-mediated regulatory pathway During seed formation in Arabidopsis, the endosperm directly supplies nutrients and signal molecules to the embryo as it develops to the heart stage. It has been demonstrated that endosperm cellularization is quite crucial for embryo viability in mutants deficient for certain endosperm-specific genes such as the FIS-PRC2 members; these mutants fail to undergo endosperm cellularization and display embryos arrested at the heart stage (Ohad et al. 1996 , Köhler et al. 2003 , Guitton et al. 2004 . FIS-PRC2 is composed of four main components: FIS2, MEA, FIE and MSI1, of which the FIS2 and MEA are specifically expressed in early endosperm cells, and control the developmental pathways by establishing repressive trimethylation on Lys27 of histone3 at target loci (Hennig and Derkacheva 2009) . One of the FIS-PRC2 targets is the type I MADS-box transcription factor AGL62, which is expressed in uncellularized endosperm nuclei and acts as a major negative regulator of cellularization (Kang et al. 2008) . The failure of endosperm cellularization in the fis2 mutant is probably caused by increased AGL62 expression, and the maternal loss of AGL62 function partially restores endosperm cellularization in the fis2 mutant (Hehenberger et al. 2012) . These data suggested that FIS2-PRC2 regulates endosperm development by repressing AGL62 expression through the trimethylation on Lys27 of histone3 at the AGL62 loci. In this study, we found that endosperm cellularization in naa10 and naa15 mutants was unable to initiate normally, and AGL62-GFP expression in the mutant endosperm was prolonged (Figs. 1, 2) . This suggested that loss of NatA function led to increased AGL62 expression, which results in delayed and incomplete endosperm cellularization. Further genetic analysis of the naa10-1/+;agl62-2/+ and naa15-1/+;agl62-2/+ double mutants showed that agl62 was genetically epistatic over naa10 and naa15, and the reduced AGL62 level could restore the cellularization process in naa10 and naa15 endosperm (Fig. 5) . Collectively, we proposed that the Arabidopsis NatA complex participates in endosperm cellularization through the AGL62-mediated regulatory pathway.
Until recently, the molecular mechanism of endosperm cellularization remained enigmatic, especially in terms of how the cell walls are established. Callose is the major component of endosperm cell walls, which can be preferentially broken down by glycosyl hydrolases (Minic and Jouanin 2006) . Interestingly, the genes encoding glycosyl hydrolase are overexpressed in fis2 mutant seeds (Weinhofer et al. 2010) , and increased expression of these genes is correlated with the failure of endosperm cellularization in the fis1/mea mutant ). These results implied that the FIS gene products repress the expression of glycosyl hydrolase-encoding genes, preventing callose from being hydrolyzed and promoting the formation of endosperm cell walls. Although the transcription factor AGL62 is known to be a negative regulator of endosperm cellularization, its transcriptional target genes have not been identified. Recently, AGL62 has been revealed to be necessary for autonomous endosperm development in unfertilized fis2 ovules; loss of function of AGL62 results in impaired auxin export and accumulation in the endosperm (Figueiredo et al. 2015 , Figueiredo et al. 2016 . AGL62 regulates auxin transport from the endosperm to the integuments after fertilization, thus connecting auxin action with endosperm development. It has been reported that DR5-GFP expression and PIN1-GFP localization are disturbed in the naa10 globular embryos (Feng et al. 2016 ); therefore, the increased AGL62 expression in naa10 and naa15 mutants might also lead to disturbed response of auxin during endosperm development, finally resulting in aborted seed development. Our results suggest that the NatA complex may function in endosperm cellularization by decreasing the expression of AGL62, which furthers our understanding of the molecular mechanism involved in endosperm cellularization in Arabidopsis. 
Materials and Methods

Plant materials and growth conditions
The three Arabidopsis T-DNA insertion mutants, naa10-1(CS850295), naa15-1 (CS836292) and naa15-3 (CS24056), were obtained from the Arabidopsis Biological Resource Center (http://abrc.osu.edu/). The naa15-2 mutant was represented as Wisc DsLOX481_484J20 in a previous study . The agl62-2 mutant allele that was used in this study has been described previously (Kang et al. 2008) . Plant lines carrying pSTM::STM-VENUS and pFIL::dsRED-N7 (Heisler et al. 2005) were obtained from Elliot Meyerowitz (California Institute of Technology, USA), and the pSCR::H2B-YFP and pWOX5::GFP lines (Heidstra et al. 2004 , Blilou et al. 2005 were from Ben Scheres (University of Utrecht, The Netherlands). The marker lines of endosperm development carrying AGL62-GFP or pDD19::GFP (Steffen et al. 2007 , Kang et al. 2008 were obtained from Gary Drews (University of Utah, USA), the pDD22::NLS-GFP line was from Mengxiang Sun (Wuhan University, China) and the N9185 line (Ingouff et al. 2005) was from Frederic Berger (Gregor Mendel Institute of Molecular Plant Biology, Austria). The Arabidopsis plants were cultivated in a greenhouse at Wuhan University at 22 ± 2 C with a 16 h light and 8 h dark cycle.
Plant lines carrying different markers were crossed with naa10-1 and naa15-1 heterozygotes, respectively. Then the genotype of the progeny was identified by PCR and the ovules or embryos were observed under a fluorescence microscope, as described in Chen et al. (2015) . For the naa10-1/+;agl62-2/+ and naa15-1/+;agl62-2/+ double mutants, the progeny were identified by PCR using the primers listed in Supplementary Table S3 .
RNA extraction and RT-PCR
Total RNA from different tissues was isolated using a MiniBEST Plant RNA Extraction Kit (TAKARA) and transcribed into cDNA with a Reverse Transcription System (Fermentas). Then cDNA was used as template for PCR analysis with specific primers (Supplementary Table S3 ). Real-time PCR was performed using TransStart Top Green qPCR SuperMix (TransGen) in a BIO-RAD CFX Connect machine. The relative expression levels were analyzed by the double standard curves method (Ren et al. 2012) or the comparative CT method (Schmittgen and Livak 2008) in different assays.
NAA10/NAA15 genomic DNA cloning and mutant complementation NAA10 and NAA15 gene fragments including each promoter were amplified from the wild-type genome by PCR with a pair of specific primers (Supplementary Table S3 ). The obtained fragment was cloned into the pCambia1300 vector (Cambia), then verified by sequencing and transferred into naa10/+ and naa15/+ mutants by the floral-dip method (Clough and Bent 1998) . After screening the transgenic seeds on hygromycin plates, the positive transformants were identified by PCR, and then used for subsequent analysis.
NAA10/15 promoters and GUS/GFP fusion
The promoter fragments of NAA10/15 genes were amplified with genome-specific primers (Supplementary Table S3 ), and cloned into pCAMBIA1381Xb and pCBIm-eGFPm binary vectors (Cambia) to generate NAA10/15::GUS and pNAA10/15::GFP. The coding sequences (CDSs) of NAA10/15 were inserted into pNAA10/15::GFP to generate pNAA10::NAA10-GFP and pNAA15::NAA15-GFP constructs; after sequencing, the above plasmids were transformed into Arabidopsis plants by the floral-dip method.
GUS staining analysis
The homozygous T 4 generation pNAA10::GUS and pNAA15::GUS transformants were used for GUS staining analysis. The GUS staining was carried out as described (Li et al. 2010) . The samples were observed under an Olympus SZX12 stereomicroscope and photographed by a digital camera (Canon).
CLSM observation
Confocal laser scanning microscopy (CLSM) was performed to detect the fluorescent signal of molecular markers and transgenic lines as described (Deng et al. 2014 ). Fresh embryos were isolated from ovules, mounted in 10% glycerol and then observed under an Olympus FV1000 confocal microscope.
Ovule clearing and observation of endosperm cellularization
Fresh ovules were dissected from siliques using forceps and mounted in Hoyer's solution (chloral hydrate:glycerol:water = 8:1:2, w/v/v) for minutes to hours depending on the embryo development stage (Berleth and Jürgens 1993) . Then the cleared ovules with embryos were examined by differential interference contrast microscopy under an Olympus TH4-200inverted microscope equipped with a charged couple device (CCD) of the SPOT Digital Microscope Camera (Cool SNAP).
To observe the endosperm cellularization, a reported method (Li et al. 2017 ) was adapted and the prepared ovules were examined with 488 nm excitation under a confocal laser scanning microscope.
Expression of NAA10/15 using an embryo-specific promoter For complementation assay specifically in the mutant embryos, the 5,197 bp ABI3 promoter was amplified with genome-specific primers (Supplementary  Table S3 ) from the wild-type genome, and used to generate ABI3::NAA10-GFP and ABI3::NAA15-GFP by replacing the promoters of pNAA10::NAA10-GFP and pNAA15::NAA15-GFP constructs. After sequencing, the plasmids were transformed into corresponding naa10 and naa15 plants by the method described above. The homologous transgenic lines ABI3::NAA10;naa10-1/+ and ABI3::NAA15;naa15-1/+ were used for subsequent analysis.
